Abstract: During the postmenopausal period, the risk of cardiovascular diseases is increased in many obese women and is associated with a worse cardiometabolic profile and a sub-chronic low-grade systemic inflammation caused by a gut barrier permeability dysfunction. Here, we tested whether administration of two different dosages of the multispecies probiotic Ecologic ® Barrier influenced the cardiometabolic biochemical parameters and lipopolysaccharide levels, the latter used as a marker of increased gut permeability in obese postmenopausal women. A total of 81 obese Caucasian postmenopausal women participated in the trial. The subjects were randomly assigned to three groups that received a placebo, a low dose (LD) (2.5 × 10 9 colony forming units (CFU) per day), or a high dose (HD) (1 × 10 10 CFU per day) of lyophilisate powder containing live multispecies probiotic bacteria. The probiotic supplement was administered each day in two equal portions for 12 weeks. We found significant (p < 0.05) favorable changes (mostly large or medium effects) in the evaluated parameters in both the HD and LD groups but not in the placebo group. In the HD group, lipopolysaccharide, waist, fat mass, subcutaneous fat, uric acid, total cholesterol, triglycerides, low-density lipoprotein cholesterol, glucose, insulin, and insulin-resistant index (HOMA-IR) were improved. Similar changes were observed in the LD group, except for lipopolysaccharide, uric acid, triglycerides, and glucose levels. Additionally, significant differences were observed in both groups in terms of fat percentage and visceral fat. When the mean changes were compared between the three groups, statistically significant differences in lipopolysaccharide levels, uric acid, glucose, insulin, and HOMA-IR were found. Post hoc tests revealed significant differences in the mean changes (mostly medium effects) between the HD and LD groups for uric acid, glucose, insulin, and HOMA-IR. In the 12-week randomized, placebo-controlled, double-blind intervention, we observed that supplementation with the multispecies probiotic Ecologic ® Barrier favorably affected the risk factors in a dose-dependent manner, showing beneficial effects on the cardiometabolic parameters and gut permeability of the patients. Our results suggest that this product can be effective in the prevention and treatment of cardiovascular diseases in obese postmenopausal women.
Introduction
The World Health Organization (WHO) reported that more than 60% of postmenopausal women are overweight or obese [1] . Obesity-associated metabolic disorders, such as dyslipidemia, insulin resistance, hypertension, chronic inflammation, and hyperuricemia, are linked to an increased risk of cardiovascular events [2] [3] [4] , which are the current leading cause of mortality in postmenopausal women [5, 6] . Hence, a more focused approach should be adopted for better prevention and treatment of cardiovascular disease (CVD) in obese postmenopausal women [7] . Therefore, new therapeutic interventions are being sought to reduce the cardiometabolic risk in this group of patients. Studies have shown the importance of changes in the intestinal microbiota in the pathogenesis of cardiometabolic disorders [8] [9] [10] [11] [12] [13] . The intestinal epithelium is a single cell layer that forms a large and important barrier to the external environment. Proper functioning of the intestinal barrier is essential for maintaining optimal health. Increased permeability of the epithelial barrier has been associated with several chronic diseases in humans, including obesity, diabetes, non-alcoholic fatty liver disease, and atherosclerosis [14] [15] [16] [17] . One of the accepted theories that explain the contribution of gut microbes to the development of diseases is sub-chronic inflammation secondary to endotoxemia. This state occurs when fragments of gut-derived Gram-negative bacteria (lipopolysaccharides (LPS) or endotoxin) traverse the intestinal mucosa and enter the circulation, thus facilitating the development of a low-grade systemic inflammation, which is influenced by the host's metabolic state [17] . Previous studies have also showed that endotoxin can stimulate an innate immune response from the adipose, liver, and skeletal muscle tissues, leading to increased production of proinflammatory cytokines [18] . The human gut microbiome is highly dynamic and can be dramatically altered by antibiotic use and, less rapidly, by age, host genetics, chronic dietary patterns, and other environmental factors [19] [20] [21] [22] . Therefore, the question of whether the administration of probiotics can improve the metabolic parameters in particular groups of patients has arisen. A secondary question concerns the composition and dosage of probiotics that will promote the desired result. A growing body of evidence has suggested that the effects of the probiotics are species-and even strain-specific. Probiotics have been shown to improve the epithelial barrier function in vitro and in vivo in a strain-dependent manner, via different mechanisms [23] [24] [25] . The strain-specific capacities of the different bacterial strains present in the multispecies probiotic Ecologic ® Barrier, a product specially designed to improve the epithelial barrier and to increase its resistance to disturbances, have been recently investigated [26] . The administration of Ecologic ® Barrier was shown to improve insulin resistance, evaluated by the homeostasis model assessment for insulin resistance (HOMA-IR), and reduce abdominal adiposity in type 2 diabetes mellitus (T2DM) patients [27] . Although multiple potential effects of probiotics have been studied, no data regarding the influence of the Ecologic ® Barrier supplement on the cardiometabolic profile of obese postmenopausal women are available yet.
Therefore, the aim of this study was to evaluate the effect of different doses of the multispecies probiotic Ecologic ® Barrier on the LPS level (primary endpoint) and on cardiometabolic parameters (secondary endpoint) in obese postmenopausal women after 12 weeks of supplement administration, by conducting a randomized, placebo-controlled, clinical trial.
Methods
The study was designed as a 12-week single-center (Department of Education and Treatment of Obesity and Metabolic Disorders University of Medical Sciences in Poznań, Poland), randomized, double-blind, placebo-controlled clinical trial. The protocol was registered at the U.S. National Institute of Health (ClinicalTrails.gov Identifier: NCT03100162). Ethical approval was obtained from the Bioethical Committee of Poznan University of Medical Sciences (No. 871/2015), and written informed consents were obtained from all participants prior to inclusion.
Subjects
All patients were recruited in the outpatient's department of the University Hospital, Poznań, Poland. A total of 110 obese postmenopausal women were initially invited to participate. The inclusion criteria were as follows: (1) women aged 45-70 years; (2) ≥1 year since last menstruation, (3) body mass index (BMI) 30-45 kg/m 2 ; (4) abdominal obesity-related waist circumference >80 cm (International Diabetes Federation 2005); (5) body fat content, assessed by electrical bioimpedance ≥33%; (6) stable body weight in the month prior to the trial (permissible deviation ±1 kg). Patients complying with any of the following exclusion criteria were excluded from the study: (1) secondary form of obesity; (2) gastrointestinal diseases; (3) diabetes; (4) pharmacotherapy for hypertension or dyslipidemia in the 3 months prior to the trial; (5) history of use of any dietary supplements in the 3 months before the study; (6) intake of antibiotics within 1 month before the study; (7) clinically significant acute inflammatory process; (8) nicotine, alcohol, or drug abuse; (9) participation in weight management studies or use of medications known to alter food intake or body weight; (10) vegetarian dietary habits; (11) use of prebiotics-and probiotics-enriched products (for at least 3 weeks before the screening visit) and products with high content of dietary fiber or intake of high quantities of fermented food (>400 g/day); (12) hormone replacement therapy. The compliance to any of the above exclusion criteria during the trial would result in the immediate cessation of participation in the study. On the basis of the inclusion and exclusion criteria, 29 women did not qualify for the study. Finally, 81 women diagnosed with obesity were eligible and provided informed consent. They were randomly assigned to either the placebo or the probiotic group, and this distribution was unknown to both the principal investigators and the participants. Finally, 71 participants (placebo group, n = 24, low-dose probiotic (LD) group, n = 24, and high-dose probiotic (HD) group, n = 23) were able to complete the 12-week intervention. The flowchart of the study is shown in Figure 1 . 
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Probiotic Supplements and Allocation
All eligible and consenting participants were assigned a unique code as an identifier. They were allocated (1:1:1) to receive either the probiotics (high or low dose) or a placebo. The randomization scheme was computer-generated by Winclove using permuted blocks with block size equal to 4. The research personnel involved in the study was able to adjust the randomization or discern what product the participants were receiving, ensuring the allocation concealment. The probiotic group received sachets containing 2 g of freeze-dried powder of the probiotic mixture Ecologic ® Barrier (Winclove probiotics, Amsterdam, The Netherlands). The HD group received Ecologic ® Barrier HD (1 × 10 10 colony forming units (CFU) per day divided in two equal doses), whereas the LD group received Ecologic ® Barrier LD (2.5 × 10 9 colony forming units (CFU) per day divided in two equal doses). The probiotic preparation contained nine bacterial strains: Bifidobacterium bifidum W23, Bifidobacterium lactis W51, Bifidobacterium lactis W52, Lactobacillus acidophilus W37, Lactobacillus brevis W63, Lactobacillus casei W56, Lactobacillus salivarius W24, Lactococcus lactis W19, and Lactococcus lactis W58. All strains are present in approximately equal amounts and quality of the study batch has been tested every 3 months to confirm viability of the strains. This is an updated list compared to that found in previous publications involving Ecologic ® Barrier, which results from the application of new molecular identification techniques, including whole-genome sequencing [25] . Since becoming commercially available, this probiotic formulation has always contained the mentioned nine strains and has not been changed in strain content ratios or CFU counts. The placebo group received the same sachets containing only the excipients, i.e., maize starch and maltodextrins. The placebo was indistinguishable in color, smell, and taste from the probiotic formulation. All participants were asked to consume two sachets per day, one before breakfast and one before going to bed, after dissolving the content in a glass of room-temperature water. The participants were asked to return every 4 weeks to hand back the unused sachets and be given fresh refills, so to monitor their compliance to the study protocol. The participants were also asked not to alter their routine physical activity and usual diets and to report any side effects.
Anthropometric and Biochemical Measurement
At enrollment and after 12 weeks of treatment, the anthropometric parameters were evaluated, and all laboratory tests were performed for each group. All measurements were recorded after an overnight fast. The weight was measured to the nearest 0.1 kg, and the height was estimated to the nearest 0.5 cm. The BMI was calculated as weight divided by height squared (kg/m 2 ). The waist circumference (cm) was measured between the iliac crest and the lower rib at the end of a normal expiration (to the nearest 0.5 cm). The body fat content (%) was assessed by the electrical bio impedance method using Bioscan 920-2. Fasting serum samples were analyzed for glucose, uric acid, and lipid profile, including total cholesterol (TC), high-density lipoprotein (HDL), and triglycerides (TG), using a Dimension EXL with LM Integrated Chemistry System Analyzer (Siemens, Newark, NJ, USA). The content of low-density lipoprotein cholesterol (LDL) was calculated using the Friedwald equation. Serum insulin (INS) was measured using an immunoradiometric assay (DIAsource immunoassays S.A., Nivelles, Belgium). The sensitivity of the assay, as reported by the manufacturer, has a mean minimum detectable value of 1.0 µIU/mL. Insulin resistance was estimated using the HOMA-IR: HOMA-IR index = (fasting insulin (mU/L) × fasting glucose (mmol/L)/22.5. The serum level of LPS was measured using a quantitative kinetic assay (Lonza, Walkersville, MD, USA). A spike recovery was performed using a sample dilution of 1:40.
Statistical Analysis
The subjects' randomization codes were concealed until the statistical analysis. The data are shown as mean ± standard deviation (SD). The normal distribution for each group was checked by the Shapiro-Wilk test. To examine the differences among groups, the Kruskal-Wallis test with the post-test (multiple comparison test) or one-way ANOVA test with the post-test (Tukey test) were used if the data were normally distributed. To test the differences between the endpoint and baseline values, the Wilcoxon test or the paired t-test were conducted if the data were normally distributed. The standardized mean differences (Cohen's d) were used as a magnitude of effect. Effect size thresholds of 0.2, 0.5 and 0.8 were used for small, medium and large effects, respectively. Statistics were performed with the STATISTICA data analysis software system, version 12 (StatSoft, Inc., Tulsa, OK, USA, 2014). A p value less than 0.05 was regarded as significant.
Results
The baseline characteristics of the studied population are provided in Tables 1 and 2 . No statistically significant differences were observed in then anthropometric or biochemical parameters among the HD, LD, and placebo groups at baseline (Tables 1 and 2 ). Significant changes in the parameters evaluated before and after the 12 weeks of supplementation were found in both the HD and LD probiotic-supplemented groups but not in the placebo group (Table 3) Table 3) .
The mean change in the estimated parameters compared among the three groups revealed significant differences in uric acid (p = 0. (Table 4) .
A significant association between the change (∆) in LPS level (∆ LPS) and ∆ HOMA-IR (r = 0.40; p = 0.04) was found in the LD group, whereas ∆ LPS was significantly correlated with ∆ waist (r = 0.40; p = 0.04) in the HD group. No significant relationships were observed in the placebo group (Table 5) . 
Discussion
Probiotic supplements have been receiving growing attention due to their potential cardioprotective effects [28, 29] . In the present study, we observed that supplementation with the multispecies probiotic Ecologic ® Barrier has a beneficial influence on the cardiometabolic profile in obese postmenopausal women.
Our study revealed that, compared with the consumption of a placebo, the consumption of two different doses of multispecies probiotic supplements for 12 weeks reduced waist circumference and visceral and subcutaneous fat in obese postmenopausal patients. Notably, no significant changes were observed in BMI and body weight in the three groups.
Most studies on the anti-obesity effects of probiotics conducted in rodents employed members of the genus Lactobacillus [30] . Diet-induced obese mice and diet-induced overweight rats showed a reduction in body weight gain after they were fed specific Lactobacilli [31, 32] . Other studies showed that Lactobacillus gasseri LG2055 could decrease fat mass and adipocyte size in rodents [33, 34] . The anti-obesity effects of probiotics can interfere with the intestinal function. The anorexigenic compounds N-acyl-phosphatidylethanolamines (NAPEs) are produced in the small intestine as a response to feeding. Chen et al. genetically modified a probiotic wild-type strain of Escherichia coli to secrete NAPEs. The incorporation of bacteria-produced NAPEs in the drinking water of mice fed a high-fat diet for eight weeks resulted in dramatically lower food intake, adiposity, insulin resistance, and hepatosteatosis, compared with the control mice [35] .
Promising results in animal models require confirmation in humans. Recently, a systematic review and meta-analysis were published concerning randomized and controlled trials of probiotic supplementation. The effects of probiotics supplementation on body weight, BMI, fat mass, and fat percentage were studied in obese and overweight women and men. The studies included a total of 957 subjects (63% women), with a mean BMI of 27.6 kg/m 2 , and the duration of the interventions ranged from 3 to 12 weeks. The administration of different probiotics resulted in a significant reduction in body weight, BMI, and fat percentage compared with a placebo; however, the effect sizes were small. The effect of the probiotics on fat mass was insignificant [36] .
In the studies presented in the meta-analysis, decreases in body weight and BMI were observed. In our study, which seems to be very interesting, the decrease in fat content is independent of body weight and BMI, which did not change significantly. This would testify to the existence of another mechanism that would be responsible for reducing fat percentage content during probiotic therapy in obese women.
Our study is, to the best of our knowledge, the first to report the favorable effect of a multispecies probiotic supplement on the fat mass and other anthropometric parameters in obese post-menopausal women. We believe that the dose and composition of the probiotic used in our study may play an essential role in the achievement of such improvement. The administration of probiotic with the same composition of bacteria (1 × 10 10 CFU/day for 12 weeks) as was used in our study was tested in a randomized clinical trial conducted by Sabico et al. in medication-naïve T2DM patients [27] . The researchers found that the probiotic supplementation resulted in improved waist/hip ratio and HOMA-IR. Within-group comparisons revealed a significant decrease in the LPS level in the probiotics-receiving group. However, the mean differences in these parameters between the placebo and the probiotics groups were not significant. Within-group comparisons also showed a favorable effect of probiotics intake on glucose, insulin, C-peptide level, and insulin resistance. Probiotics intake also beneficially affected circulating TG and LDL-C. A between-groups analysis did not confirm the significance of the changes in glucose and lipid metabolism. Moreover, no serious side effects were observed. In the probiotic group, four out of 39 patients complained of gastrointestinal discomfort (bloating and flatulence), which disappeared during the first week of treatment.
Our study demonstrates that Ecologic ® Barrier and, likely, multispecies probiotics in general, have a beneficial impact on the lipid profile in obese postmenopausal women, as confirmed by the significant decrease in TC and LDL observed after probiotic supplementation in the HD and LD groups and the reduction in TG found in the HD group compared to the placebo group, in which no significant changes were observed. However, the absence of significant differences in other variables among the studied groups shows the need for further research on a larger population. Also, previous in vitro and in vivo studies on probiotics have reported effects on serum lipid profiles. Probiotic administration has been proposed to modulate lipid metabolism in several animal models, including diet-induced obese mice, hypocholesterolemic mice, and hypercholesterolemic rats. Kumar et al. reported the hypocholesterolemic effect of Lactobacillus plantarum Lp91 in rats fed a hypercholesterolemic diet and suggested that the indigenous L. plantarum strain had the potential to be a successful probiotic in the management of hypercholesterolemia [37] . However, Ejtahed et al. observed that consumption of probiotic yogurt resulted in a nonsignificant decrease in TC and LDL in patients with T2D after six weeks [38] . In another study, the increased serum LDL levels in diabetic patients receiving a probiotic supplement might have resulted from the elevation of serum insulin [39] .
Fukushima et al. indicated that a probiotic mixture of organisms including Bacillus, Lactobacillus, Streptococcus, Clostridium, Saccharomyces, and Candida effectively reduced in rats TC and liver cholesterol compared with individual bacteria strains. The effect of the probiotic mixture on ∆6-desaturase activity in liver microsomes was compared with those of Lactobacillus acidophilus and Streptococcus faecalis. The supplied mixed-bacteria and L. acidophilus groups exhibited a 23-57% decrease in cholesterol concentration in the rat liver. Additionally, the serum TC in the supplied mixed-bacteria group was reduced by 15-33% compared with the single-bacteria-supplemented groups [40] .
Shimizu et al. conducted a meta-analysis which showed that the administration of probiotics and fermented milk products resulted in changes in TC and LDL concentration greater in mildly hypercholesterolemic than in normocholesterolemic individuals [41] . Along with our results, this meta-analysis data suggest that probiotics can be considered an important element in lipid-lowering therapies.
In this study, we present the effect of a multispecies probiotic supplement on glucose levels in obese postmenopausal women. We observed a significant decrease in glucose, insulin, and HOMA-IR levels in probiotic-supplemented women but not in the placebo group. In addition, these effects were dose-dependent, as confirmed by the significant differences in the mean changes observed between the two supplement-receiving groups and between the treated groups and the placebo group. These results suggest that this probiotic supplement can be effective in the control of glycaemia in obese postmenopausal women.
Specific animal models such as diet-induced obese mice or diabetic mice have been commonly employed to evaluate the effects of probiotics on T2D parameters, to determine the beneficial effects of various strains of Lactobacilli [42] [43] [44] . Similarly, direct beneficial effects of Akkermansia mucinifila on glucose metabolism were identified in a diet-induced T2D mouse model. A. muciniphila reduced glucose-6-phosphatase mRNA expression, thus decreasing gluconeogenesis and counteracting fasting hyperglycemia in the diabetic mouse model [45] . The beneficial effects of the consumption of multispecies probiotic supplements on insulin resistance and metabolic profiles, including high-sensitivity C-reactive protein, were also reported in diabetic patients [39] . Sabico et al. showed that supplementation with Ecologic ® Barrier significantly improved HOMA-IR and modestly reduced abdominal adiposity in medication-naïve T2DM patients [27] . Probiotic yogurt supplementation controlled the glycemic levels by reducing fasting blood glucose and glycated hemoglobin (HbA1c) in T2D patients. After consuming probiotic yogurt containing L. acidophilus La5 and B. lactis Bb12 for six weeks at a dose of 300 g/day, T2D patients experienced a decrease in fasting blood glucose and HbA1c. Additionally, probiotics were found to promote antioxidation in T2D patients [38] . Up to date, most studies concerning the effects of probiotics on the carbohydrate profile have been conducted in animal models, and limited data are available for humans. Some studies have reported beneficial effects of probiotics on serum insulin levels and insulin resistance, but they were restricted to T2D individuals and did not consider obese patients. Moreover, the majority of the previous studies focused on supplementation with monospecies probiotics. Considering the data reported in the literature, our approach consisting in the administration of a multispecies probiotic to obese postmenopausal women is not only innovative but also practically relevant. In fact, our results suggest that a treatment with an available probiotic supplement that can successfully reduce insulin resistance and prevent the development of T2D in this group of patients.
The administration of a multispecies probiotic supplement also significantly decreased serum uric acid level in our study. Hyperuricemia is the basic cause of gout. However, hyperuricemia has also been recognized as a risk factor for arteriosclerosis, cerebrovascular and cardiovascular diseases, and nephropathy. The development of probiotics that efficiently degrade purine compounds is a promising potential therapy for the prevention of hyperuricemia. Li et al. showed the efficacy of the preventive treatment of hyperuricemic rats with probiotic strain DM9218-A. These results suggest that DM9218-A may be a promising candidate for the treatment of patients with hyperuricemia in conjunction with other therapies [46] . DM9218-A may also be effective in the prevention of hyperuricemia in the normal population. Dehghani et al. observed that the intake of a synbiotic supplement, containing both prebiotics and probiotics, could reduce blood urea nitrogen in patients with stages 3 and 4 chronic kidney disease (CKD); however, the other markers of kidney function, including uric acid, were not affected [47] . Asemi et al. investigated the effects of a daily consumption of multispecies probiotic supplements on uric acid level in T2D patients. The researchers did not observe a significant reduction in serum uric acid levels in the treated group compared with the placebo group [39] . Concerning serum uric acid levels, some studies reported increased levels, and others reported decreased levels following probiotic administration [48] . However, the studies on the influence of probiotics on uric acid levels are limited and mainly focused on animal models and on patients with CKD and T2D.
In this study, we demonstrated for the first time that multispecies probiotic supplementation could decrease uric acid levels in obese postmenopausal women in a dose-dependent manner. Elevated levels of circulating insulin were found to increase the intestinal permeability, allowing bacterial toxins, such as LPS, to leak into the circulation, which, in turn, initiated a cascade of inflammatory reactions, thus, explaining the subclinical inflammation present in obese and insulin-resistant patients [49] . Probiotics supplementation can restore the intestinal barrier, preventing LPS influx in the circulation and ultimately reducing subclinical inflammation [50] . By manipulating LPS levels through the introduction of probiotics into the digestive tract, many endotoxin-induced metabolic disorders may, in principle, be reversed.
The results obtained in our study confirm that a probiotic treatment is useful to control LPS levels in obese postmenopausal women. We found that probiotic supplementation not only favorably changed the LPS serum concentration in a dose-dependent manner but also exerted beneficial effects on other parameters, such as waist and HOMA-IR in this population.
Strengths and Limitations
The strengths of the study are: design (randomized, placebo-controlled, double-blind intervention), wide panel of measured parameters (anthropometric and biochemical), dose-dependent efficacy analysis and test of the marker of gut permeability (LPS).
The major limitation of this study is the relatively small number of individuals examined. The main reason for this was the use of very rigorous inclusion and exclusion criteria. However, the applied criteria enabled us to select a homogenous group of subjects, not affected by diseases or states that might have significantly influenced the results of the study. Another limitation is lack of microbial analysis of feces, which could demonstrate the influence of probiotic bacteria on the gut microbiota composition what can be associated with LPS translocation into the blood circulation. It would be also interesting to perform mechanistic studies (similar to animal models) to explain the favorable effects of metabolic activity of probiotics.
Conclusions
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